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OBJECTIVE 
The objective of this program is refinement and economic optimiza- 
tion of techniques fo r  fabrication of thick integral  coverslips fo r  silicon so lar  
cells.  
inite superior i ty  over  conventional glued coversl ip  cells. 
this assumption provide natural  guidelines f o r  selection of candidate coversl ip  
mater ia l s ,  possible fabrication techniques and environmental t es t  end points. 
Specifically, all cover s l ip  mater ia l s  that are  known to significantly degrade un- 
de r  ultra-violet ,  proton o r  electron irradiation must  be categorically excluded 
f r o m  consideration. 
deleter ious to the cel l  s t ruc ture  itself must be rejected. Finally, the environ- 
mental  and radiation test end points must be at least as seve re  as those encount- 
e r e d  with glued coverslip cells.  F o r  ease in  comparison, final testing is to  be 
done on cel ls  with 6 mil integral  coverslips. 
An a pr ior i  assumption i s  that integral  coverslip cel ls  must  show a def- 
The consequences of 
Similarly,  all fabrication techniques that a re  inherently 
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SUMMARY 
I P C ' s  propr ie ta ry  high vacuum sputtering p rocess  has been shown 
to be well  suited for  the disposition of integral  Si02 coversl ips  onto si l icon so lar  
cel ls ,  Since, however, this process  has a r a t e  limitation, it is important  to 
examine other  p rocesses  that could more quickly deposit S i02  over a n  ini t ia l  
high vacuum sput tered layer.  
oration a r e  being investigated for building up coversl ip  thickness. 
Both reactive sputtering and electron beam evap- 
Neither of these p rocesses  is present ly  capable of depositing satis- 
factory thick l a y e r s  of Si02. 
well  bonded, but contain many optical scattering cen te r s  when thick films a r e  
produced. The scat ter ing centers  appear to be related to the manner in which 
the Si cathode is supported. 
t ron  beam evaporated Si02 is a l so  well  bonded but is soft and "frothy". This  
type of physical  s t ruc tu rc  has  been observed on all thick electron beam evap- 
ora ted  S i02 ,  produced by both IPC and outside vendors. Since all evaporated 
Si02 has  been of poor quality, this approach has  been dropped. 
evaporation of A1203 has ,  however, been quite encouraging. 
The reactively sput tered Si02 l aye r s  a r e  ha rd  and 
This problem continues under investigation. Elec-  
Electron beam 
In tegra l  coverslipped so lar  cells shipped to  NASA with the Second 
Quar te r ly  Report  withstood rapid temperature  cycling between - 196 and t 100°C. 
Cel l s  with up to  4 mils of high vacuum sputtered Si02 were  tested. 
6 mils of high vacuum sput tered S i02  have been produced during this quar te r .  
These ce l l s  have a l s o  been rapidly tempera ture  cycled between -196 and t100"C. 
Cel l s  with 2 mil Si02 in tegra l  coverslips have been s tored  i n  a vacuum of - 2 x 
e lec t r i ca l  degradation. 
Cel ls  with 
t o r r  for  500 hours  a t  100°C with no detectable loss  i n  weight o r  significant 
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1. PROGRAM CONSIDERATIONS 
1. 1 Coverslips 
The application of coverslips and anti- reflective coatings to silicon 
solar  cel ls  can improve their durability, radiation resis tance and performance. 
The charac te r i s t ics  desired of the total  coating a r e  that it should be: 
(1) anti-reflective and non-absorbing in the wavelength range f r o m  
0. 4 micron to 1. 2 micron; 
( 2 )  highly emissive in the wavelength range f rom 5 microns to m ;  
( 3 )  reflective to the r e s t  of the spectrum, i f  possible, par t icular ly  
in the wavelength range f rom 1. 2 microns to 4 microns;  
(4) thick enough to provide sufficient protection f rom the radiation 
environment; 
(5)  res is tant  to micrometeorite erosion. 
Figure 1 shows the solar  energy spec t rum above the ea r th ' s  a tmos-  
phere (AMO), as given by Johnson,(l) and indicates the portion of the spec t rum 
that m a y  be utilized by a silicon solar  cell. The long wavelength limit on util- 
ization is determined by the band gap energy of silicon (i. e. , the minimum pho- 
ton energy required for production of an electron-hole pair) .  The short  wave- 
length limit corresponds to the energy at which photon absorption occurs  so near  
to  the ce l l  front surface that surface recombination prevents more  than a neg- 
ligible fraction of the generated minority c a r r i e r s  f rom reaching the junction. 
It is the function of the top surface coating of the so la r  cell, in addition to pro-  
viding protection f rom micrometeorite and ionizing radiation damage, to  maxi- 
mize the intensity of the solar radiation f r o m  the useful 0. 4 micron to 1. 2 mi- 
cron band entering the silicon and a l s o  to minimize heating of the cell  by emis-  
sion of excess  heat energy and, i f  possible, by reflection of spectrum energy 
not utilized by the cell. 
1. 1. 1 Anti-Reflective Coatings 
When a collimated beam of light falls on a plane interface between 
two media,  p a r t  of the light i s  reflected and pa r t  i s  t ransmit ted into the second 
medium with a change in direction of propagation. The grea te r  the difference 
in refract ive indices of the two media, the grea te r  will be the reflected com- 
ponent. In the case  of a solar cell, reflection of light in the usable portion of 
the spec t rum represents  a direct  loss of efficiency and must  be held to a mini- 
mum. Shown in  Figure 2 i s  the reflection loss  at normal  incidence as  a function 
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of the ra t io  of the refract ive indices,  n l  and n2, of the two media. 
i s  obtained from the relation: 
The curve 
The refract ive index of si l icon as  a function of wavelength is given in  
F igure  3 .  It is seen that the relative indices for  light f rom space passing into a 
ba re  ce l l  will not be constant but will vary between 7. 0 and 3 .  5 over the 0. 4 to  
1. 2 micron  band. (The refract ive index i s  a l so  a function of res is t ivi ty . )  F ig-  
u re  2 indicates that  these values of relative indices would lead to  la rge  ref lec-  
tive lo s ses  were it not for  the use of ant i - ref lect ive coatings. 
Because of complex phase changes upon reflection, the mathematical  
design of a n  anti-reflective film on a n  absorbing medium is complicated. 
tions may, however, be approximated by t reat ing the case  of a non-absorbing 
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refract ive index of space 
refract ive index of film 
refract ive index of subs t ra te  
film thickness 
light wavelength 
amplititde reflection coefficient at space- f i lm interface 
amplitude ref lect ion coefficient at film- subs t ra te  interface 
total ref lected amplitude coefficient 
ref lected intensity coefficient = I r I 2 
amplitude t ransmiss ion  coefficient at space-f i lm interface 
phase change in  t ravers ing  film once = 27-rnld/X 
If ligllt of wavelength, A ,  i s  normally incident onto a subs t ra te  coated with a 
t ransparent  layer,  the amplitude reflection coefficients, r 1  and 1-2, a t  the f i lm 
and subs t ra te  sur faces ,  respectively,  a r e  given by: 
1 
1 
n - n  
n t n  
0 
0 
r =  
1 
2 1 
1 2 
n - n  
2 n t n  
r =  
Consideration of all components which leave the space-f i lm in te r face  to r e tu rn  
to  space yields: 
2 - 2 i+ l  t t l r r  2 2 e -4i+l Reflected Amplitude, r = r t t l  r2 e 
1 1 2  
2 2 3 -6i+1 , . . t t  r r e 
1 1 2  
which by summation of the s tandard infinite s e r i e s  becomes: 
6 
But f rom conservation of energy: 
2 
1 
= 1 - r  2 
and therefore:  
- 2 i + l  r + r e  
1 2 
l t r r e  
r =  - 2i+l  
1 2  
where: 
2 r n  d 1 - 
$1 - x 
(5) 
(7) 
The condition for  ze ro  reflectance cannot be obtained by making the 
denominator of Equation (6) infinite. Therefore, the conditions for  minimum 
reflection a r e  determined by separately setting the r ea l  and imaginary p a r t s  of 
the numerator  to  zero: 
r t r cos 241 = 0 (8 1 1 2 1 
r s in  2+ = 0 ( 9 )  2 1 
Solutions resu l t  whenever 2+1 = nr ,  where n is a positive integer. 
when n is even are trivial, giving the condition that no = n2. 
tions a r e  obtained whenever 241 is  a n  odd integral  multiple of r: 
Solutions 
Non-trivial solu- 
Substitution of Equation (2)  into Equation (1 0 )  yields the required condition: 
2 
1 0 2  
n = n n  
Normal  pract ice  i s  to choose the first such solution; i. e. : 
7 
and: 
A 
n d = -  
1 4 
That is, the index of refraction of the anti-reflective mater ia l  is selected to be 
the square root of the product of the indices of the media to be matched and the 
optical thickness n ld  is chosen to be one-quarter wavelength (or any odd inte- 
g r a l  multiple of a quar te r  wavelength). It should be noted that reflectance of a 
single anti-reflective layer is  ze ro  for one wavelength only and consequently 
c a r e  must  be taken in the selection of the wavelength for which reflectance is to  
be minimized. The intensity of reflectance will increase  as wavelength is  var -  
ied f rom the complete destructive interference condition. This intensity, R, 
ca-n be calculated a s :  
2 2 
1 
t 2 r  r cos 2 4  
r t r t 2 r  r cos 24  
1 t r l  r2 
2 1 2 1 2  
2 2  
R = Irl = 
1 1 2  
Even at wavelengths other than that for which reflectance is  minimized, a sin- 
gle layer (A/4) anti-reflection coating will have a spec t ra l  reflectance which 
never exceeds the reflectance of the uncoated substrate.  An anti-reflective 
coating, although optimized for a specific wavelength, will  be beneficial over 
the ent i re  wavelength band of in te res t  for cel l  operation. 
For  optimum cell  efficiency the anti-reflective coatin5 applied to a 
cel l  is chosen for maximum transmission at approximately 6000 A so  as to 
maximize the product of the solar  spectrum curve and the absolute photon r e -  
sponse of the cell. This  resu l t s  in peak t ransmission a t  the most  effective 
wavelength. The index of refraction of silicon at 6000 A is  approximately 4. 0 
and the index of refraction of the Si02 coverslip is 1. 46. Consequently, for a 
coversl ip  cell,  the anti-reflective coating should be selected with: 
n N 'J4.0 x 1.46 = 2 . 4  ( 1  5) 
and fo r  a bare  cel l  (nfree space = 1. 0) :  
The anti-reflective ma te r i a l  used by IPC is CeO2 with refract ive index - 2. 35 
a t  6000 A. This i s  an  optimum mate r i a l  for coverslip cel ls  but is not quite so  
well matched as Si0 for bare  cells. Thus, cel ls  anti-reflected with C e 0 2  have 
a higher conversion efficiency af te r  conventional cover slipping as contrasted to 
the efficiency loss observed in conventionai coverslipping cel ls  ant i - ref lected 
with SiO. (See Section 2. 2. 2.) 
8 
Through index grading, application of the coverslip fur ther  reduces 
reflection lo s ses  over the portion of the usable spectrum not well anti-reflected. 
A s  discussed above, simple reflection losses at an interface increase  rapidly 
with increasing relative refract ive indices of the two media. By breaking the 
index change f r o m  1. 0 of space to the 2. 35 of CeOZ into smal le r  incremental  
changes, total  l o s ses  can be reduced. The first interface of a coverslip cel l  
has  index ra t io  1. 46 (Si02)/l.  0 (space) = 1.  46 which according to Figure 2 will 
resu l t  in reflection loss  of about 370. F o r  wavelengths at which the anti-reflec- 
tive interference f r o m  the C e 0 2  film has little effect, the f ront  surface losses  
f r o m  a cel l  without coverslip can be up to 16Y0 because of the index rat io  2. 35 
(Ce02)/1. 0 (space) = 2. 35. A t  non-anti-reflecting wavelengths, the decrease  
in  reflection losses  resulting f rom the refractive index grading due to  the cover- 
s l ip  can be 
1. 1. 2 
significant. 
Heat Emission 
The efficiency of a silicon solar cel l  is a sensitive function of cell  
t empera ture ,  decreasing approximately 0. 6% per  O C temperature  r ise .  Con- 
sequently, it is desirable  to keep the operating temperature  as low as  possible. 
Solar energy absorbed by the cell  and not converted to e lectr ical  energy is 
t ransformed to  heat  which must  be removed in  order  that cel l  t empera ture  be 
maintained at a n  acceptable level. F o r  many applications this requi res  that the 
heat energy be radiated f r o m  the ce l l  surface, thereby requiring that the emis-  
sivity of the top ce l l  sur face  should be large. 
It is a rb i t r a r i l y  assumed that the ce l l s  should operate a t  approxi- 
mately 25"C, the surface emission and absorption character is t ics  required can 
be determined by inspection of the radiation spec t rum of a black body a t  25°C 
a s  shown in Figure 4. Most of the power radiated,  90% of the total, is emitted 
at wavelengths between 5 and 30 microns with only a small contribution to  the 
remainder  coming f rom below 5 microns. Consequently, the ce l l  coating should 
provide high emissivity between 5 and 30 microns.  Kirchoff's law equates emis-  
sivity of a body to its absorptivity and energy conservation requires  that absorp- 
tivity, A, reflectivity, R, and transmissivity,  T, be related in the following 
manner:  
A t R t T =  1 (1 7) 
High absorptivity and emissivity therefore  requires  that both reflec- 
tivity and t ransmissivi ty  be essentially zero  over the 5 to  30 micron band. F o r  
a ma te r i a l  to have low reflectivity in  turn requi res  a low absorption coefficient 
as well  as a low index of refraction. This leads to the conclusion that, in  order  
to  be highly emissive,  the surface material must  be thick and must  not resu l t  
in a high r a t io  of refract ive index a t  the emitting surface.  The emission char -  
ac t e r i s t i c s  of ba re  silicon a r e  ra ther  poor, but the emissivity of quartz  at low 
tempera tures  is excellent and, in  addition, quartz  has a sufficiently lower index 
9 
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of refraction. 
emissivity over the 5 to 30 micron region. 
functions, the coversl ip  serves  a s  a n  excellent thermal  emission surface. 
Normally coverslip thicknesses of 1 mil a r e  amply thick for  high 
Thus, in addition to its protection 
Between the usable 0. 4 to 1 . 2  micron band and the heat emission 
band above 5 microns,  l ies a portion of the solar  spec t rum f rom 1. 2 micron to 
4 microns which contains approximately 20% of incident solar  energy. Since 
this contributes significantly to ce l l  heating, it would be  useful i f  this energy 
could be reflected away. Multi-layer interference coatings can be produced for 
reflection in  this  region of the spectrum, but unfortunately those attaining good 
reflection over a wide band a l so  have reflection peaks in the usable band of the 
spectrum. P rac t i ca l  coatings are  yet to  be developed. 
UV rejecting coatings have been used on conventional coverslip cel ls  
for the purpose of preventing UV darkening of the epoxy cement used for  bond- 
i n g  of the coverglass  to the cell. However, as integral  coversl ip  cel ls  a r e  not 
susceptible to such darkening and a s  little heat production resu l t s  f r o m  the 1% 
of the so la r  spec t rum energy having wavelength below 3000 A, UV rejection 
filt,:rs may be ignored. 
2. 1 
2. EXPERIMENTAL RESULTS 
Deposition Techniques 
2. 1. 1 High Vacuum Sputtering 
The propr ie ta ry  IPC high vacuum sputtering technique was described 
in the NAS5-10236 Second Quarter ly  Report. 
coversl ips ,  on 1 x 2 c m  by 15 mil thick cells, up to 6 mils were  fabricated. 
The main remaining problem is cel l  cracking at large sl ip thicknesses. 
s l ip  delamination observed on thick slips obtained by multiple runs ea r l i e r  in 
the program,  has  been essentially eliminated by fur ther  work on cel l  cleaning 
and CeO2 deposition. 
since delamination sometime still occurs during the first run. 
During this period, integral  Si02 
Cover- 
Both of these a r e a s  a r e ,  however, still being studied 
As has  been previously discussed, the only preconceived limitation 
in  applying high vacuum sputtering to  integral  coverslip deposition is its limited 
deposition ra te ,  - 6 x l o 3  $hr. 
was investigated concurrently with the other two deposition techniques. 
course  of this  work, two problems were discovered. The first, and the one that 
has  been partially solved, is  coverslip delamination. The second, and unsolved 
problem is cel l  curvature.  
Thus, high vacuum sputtering of thick slips 
In the 
Ea r ly  in  the program, significant f ract ions of the cel ls  were  found 
to  have delaminated f r o m  their  coverslips at the conclusion of coverslip deposi- 
tion runs. Additionally, it was often observed on cells with adherent coverslips 
that the c o r n e r s  opposite the contact bar would delaminate ear ly  in  tempera ture  
cycling. Corner  delamination did not, in general ,  spread  a c r o s s  the cell. Anal- 
ys i s  of a la rge  number of coverslip deposition runs suggested these faults were  
due to  a combination of unsatisfactory pre-deposition cleaning and poor "quality" 
CeO2 layers .  
In IPC ' s  integral  coverslipped cells,  the S i02  is bonded to  the C e 0 2  
Ce02  is used in place of the usual  S i 0  as its refract ive anti-reflection coating. 
index, 2. 35, is a better match between Si02 and Si (see Section. 1. 1. ). Since 
the interference color of the CeO2 layer does not change on coverslipping, the 
high vacuum sputtered S i02  does not penetrate through this - 800 A layer  to bond 
to the Si. Because the CeO2 
is vacuum evaporated onto the cell, it w a s  first suspected that the delamination 
was  due t o  the normally poor bond strength of evaporated layers.  A s  a conse- 
quence, a program to develop a sputtered CeO2 layer  was initiated. High vac- 
uum sputtering of CeO2 and both high vacuum and conventional reactive sputter-  
ing of Ce  were  tr ied.  The grea tes t  effort was on conventional react ive sputter-  
ing. 
Thus the s l ip  is attached only to the CeO2 layer.  
13 
Both high vacuum sputtering techniques caused a significant amount 
of (annealable) radiation damage. 
tive sputtering. 
2. 1 )  coatings obtained f rom the high vacuum techniques. 
deficiencies, high vacuum sputtering of CeO2 was discontinued. 
damage did not occur in conventional reactive sputtering of Ce02 ,  these films 
a lso  had a low ref rac t ive  index and, moreover ,  were  environmentally unstable. 
No variation of sputtering conditions mater ia l ly  improved this la t te r  factor. 
Thus, except for a final t r y  in the shielded cathode reactive sputtering sys t em 
(see Section 2. 1. 3 ) ,  conventional sputtering of CeO2 has been abandoned. 
This was not observed in conventional r eac -  
More important, however, were  the low refractive index (n - 
Because of these two 
While radiation 
Concurrent with attempts to deposit CeO2 by sputtering were  e f for t s  
(Company funded) directed a t  improving CeO2 evaporation. 
"good" evaporated CeO2 layers  were of sufficient quality to avoid coversl ip  de- 
lamination. This has  been 
accomplished through a number of minor changes in the evaporation procedure 
and the institution of rigid quality control procedures.  
It was found that 
Thus, the problem reduced to  that of CeOZ quality. 
The refract ive index and environmental stability differences between 
evaporated and sputtered C e 0 2  appears  to be related to  the differences in sub- 
s t r a t e  temperature.  The substrate  temperature  is above 150°C in CeO2 evap- 
oration. 
complete oxidation of the Ti-Ag cell  contacts. 
p r io r  to sputtering i s  of little help since the (60% Sn-40'% Pb)  solder mel t s  and 
flows a t  - 180°C. 
With this approach, contact oxidation is  unlikely since the vacuum conditions 
a r e  similar to those employed in evaporation. Moreover,  annealing that occurs  
during deposition at elevated temperature  may be sufficient to remove the sput- 
ter ing damage. 
In conventional reactive sputtering deposition above - 100 "C resu l t s  in 
Solder coating of the contacts 
High vacuum sputtering onto hot substrates  has  not been tried. 
The whole point of the at tempts  to deposit CeO2 by sputtering is that 
evaporated films a r e  known to bond poorly while the bonding of sputtered films, 
in  general ,  and high vacuum sputtered films in  par t icular ,  is quite good. Since 
the coverslip i s  attached only to the CeO2 layer ,  the bond strength of slipped 
cel ls  would be expected to be completely dependent upon the Ce02-Si bond 
strength. That the Ce02-Si  interface does not spli t  in temperature  cycling is  
throught to  be fortuitous. 
t o  curve the cells. Cell curvature produces sufficient s t r e s s  in the silicon to  
cause the cel l  to f rac ture  without coverslip delamination. 
p r e s ently l imits c over s lip thi c kne s s . When t e c hnique s for  reducing c ove r s lip 
s t r e s s  a r e  developed, much thicker sl ips will  be possible. At that t ime,  the 
strength of the Ce02-Si bond will become important. 
At present,  coverslip s t r e s s  (see below) is  sufficient 
This phenomenon 
Having determined that CeO2 l aye r s  f r o m  good evaporations were  
not responsible for  delamination and edge lifting, it becomes apparent that these 
faults must  have been due to insufficient cleaning p r io r  to  coverslip deposition. 
Since the cel ls  were reasonably clean immediately a f te r  the Ce02  evaporation 
14 
and since the presence of the Ce02  and Ti-Ag contacts precluded cleaning in 
strong inorganic solutions, a l l  cleaning w a s  done with common organic solvents. 
It was quickly determined that solvent boiling and/or vapor degreasing opera- 
tions would not give sufficiently clean surfaces.  
were  individually scrubbed with cotton swabs wet with trichloroethylene. 
this procedure eliminated total  delamination, it did not prevent corner  lifting. 
It was,  however, soon realized that the two corners  were  not fully cleaned by 
scrubbing. When special  cleaning attention was given to these a r e a s ,  corner  
lifting was eliminated. 
As a consequence, the cel ls  
While 
Thus the combination of "good" CeO2 and "good" cleaning eliminated 
both total  and corner  delamination. 
character ized,  "good" cleaning could not. Moreover, hand swabbing of each 
ce l l  was not a pract ical  cleaning procedure. 
ing techniques have been investigated and a r e  still being tried,  a spray  clean- 
ing apparatus  has  been substituted for  the hand swabbing. 
commerc ia l  proprietary solvent (mostly tr ichloromethane) in a je t  of hot high- 
p r e s s u r e  air. 
step,  other pre-cleaning s teps ,  using aqueous solutions a r e  being investigated. 
While "good" CeO2 could be physically 
Although a wide variety of clean- 
This unit sprays  a 
While this system is satisfactory and would be retained a s  a last 
In summary,  CeO2 quality and pre-deposition cleaning have been 
found to  control coverslip delamination. Substandard CeO2 o r  cleaning resu l t s  
in either total  delamination a t  the end of the deposition cycle o r  in corner  l i f t -  
ing during the first temperature  cycle. and proper  cleaning elimi- 
nates  these failures. 
that a r e  not delaminated at the completion of Si02 deposition do not delaminate 
in tempera ture  cycling. 
Good CeO 
It should be emphasized that, with good Ce02 ,  coverslips 
2 
Cel l  curvature  as a resu l t  of coverslipping is a m o r e  c r i t i ca l  prob- 
l e m  f o r  which there  is no immediate solution. 
ce l l s  emerge  f rom coverslipping with a definite curvature in two orthogonal 
directions.  
appear  to  be sections of a spherical  surface with the coversl ip  outermost. 
contact b a r  is approximately flat across  the 0. 1 c m  dimension and is bent into 
a radius  l a rge r  than the coverslipped region in the 2 c m  dimension. 
a tu re  is  direct ly  proportional to  sl ip thickness and inversely related to  cell  
thickness. 
flat surface and measuring the displacement of the f r e e  end. 
is normally called "cell curvature". 
and cel l  curvature,  for 15 mil thick cells, is displayed in Figure 5. 
It is observed that initially flat 
Ignoring the 0. 1 x 2 c m  contact bar ,  which is not Si02 coated, cel ls  
The 
Cell  curv- 
The curvature  is measured by clamping one edge of the ce l l  onto a 
This displacement 
The relationship between slip thickness 
Cel l  curvature is  such that the Si02 is in compression while the top 
surface of the ce l l  is in tension. This same curve geometry and s t r e s s  dis t r i -  
bution occurs  in  high temperature  growth of Si02 on Si. While curvature  in the 
la t te r  c a s e  is due to  thermal  expansion mismatch, it is  thought the curvature  
which occurs  with high vacuum sputtering of Si02 is due to  inherent film strain.  
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The tempera ture  of the substrate cooling water re turn  is monitored 
It is normally 27°C and will shut down the sys tem i f  its tempera-  in a l l  runs. 
t u re  r i s e s  above 30°C. 
of runs and found to  be 28" to 29°C. 
ductivity, it is  evident that the entire cell, with the possible exception of sev- 
e r a l  atomic layers  at the growth interface, is at essentially room temperature  
during deposition. It is, however, possible that the growth face is  heated by 
energy absorbed f r o m  the impact of sputtered Si02. If so, this could give rise 
to  thermal  expansion mismatch generated curvature.  
SiOz was sputtered onto 6 mil Si02 coverslips. These samples  were  a l so  very 
heavily curved. Since the thermal  conductivity of Si02 i s  ra ther  poor, "hot 
surface" effects, i f  present ,  would be accentuated. Since, however, the ther -  
mal expansion of both the deposited Si02 and the Si02 s l ip  a r e  the same,  no 
curvature  should result. 
surface", they do indicate that thermal  expansion mismatch is  not the cause of 
cel l  curvature.  
Actual cell  temperature has been monitored in a number 
Since Si has a r a the r  high thermal  con- 
To t e s t  this hypothesis, 
While these tests do not exclude the presence of a "hot 
In another tes t ,  severa l  coverslipped ce l l s  were  clamped to a hot- 
In this configuration the 
No significant change in 
This suggests that the 
Since cel l  curvature i s  being attr ibuted to inherent s t r e s s  in 
plate and heated while their  deflection was observed. 
cel ls  should straighten with increasing temperature.  
deflection was observed at temperatures up to  500°C. 
s t r e s s  in the coverslipped cel ls  was greater  than the s t r e s s  generated by ther -  
mal expansion. 
the deposited Si02, annealing experiments were  clear ly  in order .  Cells with 1 
and 2 mil coverslips were  heated a t  various tempera tures  up to  450°C for  pe r -  
iods up to  16 hours without reduction of cell  curvature. 
have been annealed for severa l  hours at 450°C and re run  for  thicker slips. The 
final ce l l  curvature  was identical to that of cel ls  with equivalent thickness cover- 
s l ips  that  had not been annealed. C e l l  curvature is not dependent upon the num- 
ber  of deposition runs required to  achieve the final s l ip  thickness. In other ex- 
per iments ,  f ragments  of delaminated S i 0 2  sl ips were heated to  - 600°C with no 
apparent  change in  curvature. (Delaminated slips a r e  a l so  curved, suggesting 
that delamination occurs  af ter  deposition when the samples  a r e  being returned 
to  a tmospher ic  pressure . )  F r o m  a practical  viewpoint annealing cover slipped 
cel ls  above 500°C resu l t s  in delamination and hence is in admissible in the long 
run. 
which point Si02 will not flow under its own weight. 
heren t  s t r e s s  does not s e e m  practical. 
Cells with 2 mil sl ips 
Moreover,  the "working temperature" of Si02 is 1000°C to 1100°C a t  
Thus annealing of the in- 
The Si02 s t r e s s  may ar i se  f r o m  two causes.  In analogy with other 
deposition techniques, the s t r e s s  may be due to limited sur face  mobility of the 
incident Si02 on the growth face. Because of the relatively high energy of high 
vacuum sputtered mater ia l  and i ts  essentially normal  incidence onto the sub- 
s t r a t e ,  surface mobility should be negligible. Since surface mobility should 
inc rease  with substrate  temperature ,  Si02 slips were  deposited on cells at - 120, N 230 and N 400°C. 
of cel ls  coated at 27°C. 
In all cases,  cell  curvature  was comparable to that 
(It should be noted that the presence of a "hot surface" 
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would provide enhanced surface mobility). 
prove the validity of this solution, it does indicate that it is impract ical  s ince 
S i02  deposition onto ce l l s  held at a tempera ture  above 400°C would be extremely 
difficult. The other cause of Sio2 stress m a y  be that high vacuum sput tered 
S i02 ,  because of its relatively high energy, is physically forced through the 
growth face into the already solid Si02. 
growth face and produce the observed curvature.  
ing this  hypothesis can be envisioned. 
While this experiment does not dis-  
This would expand the Si02 under the 
At present  no method of t e s t -  
W h i l e  ce l l  curvature  would be a nuisance in  panel fabrication, this  
inconvenience could be tolerated.  
s t r e s s e s  the silicon i tself  to the f r a c t u r e  limit. 
limited by cell  curvature.  
a unit, without coverslip delamination. 
obviously of p r imary  importance. 
The r e a l  problem is that ce l l  curvature  
Thus coverslip thickness is 
In the f r ac tu re  limit, the cel l  and coversl ip  fail as  
Reduction of ce l l  curvature  is  thus 
2. 1. 2 Electron Beam Evaporation 
The in-house work on electron beam evaporation of Si02 was  dropped 
because of poor resul ts .  
evaporated Si02 was both highly s t r e s s e d  and physically inhomogeneous. 
inhomogeneities a r e  thought t o  be connected with evaporation of devi t r i f ied Si02. 
IPC has made continuous at tempts  t o  have thick Si02 l aye r s  evaporated over  
thin high vacuum sputtered Si02 layers  by outside vendors. None of these ven- 
d o r s  has  been able to demonstrate the evaporation of thick Si02, however. 
it is possible t h a t  a properly designed electron gun could circumvent evaporation 
of devitrif ied Si02 ,  it i s  estimated that this equipment would cos t  in  excess  of 
$30,000. Fu r the r ,  t he re  is  no assurance  that  s t r e s s e s  in  evaporated Si02 films 
could be significantly reduced. As  a consequence, it does not appear  logical to  
fu r the r  pursue  electron beam evaporation of Si02. 
A s  reported in  the Second Quarter ly  Report, thick 
The 
While 
Electron beam evaporation of A1203, on the other hand, has  been 
quite successful. 
Si02, r a t e s  of 300 x 103 i / h r  should be obtainable f r o m  a 2 kw gun with l o 1  
gun-substrate spacing. 
quality thick A1203 has  been evaporated over  a thin layer  of high vacuum sput- 
t e r e d  A1203. Substrate 
cleaning appears  to be m o r e  c r i t i ca l  for  evaporated A1203 than it was  f o r  evap- 
orated Si02.  
tempera ture  cycled f rom - 196 to t100"C without delamination. The evaporated 
A1203 does not appear to be as  highly s t ra ined as  was  evaporated S i02 .  
minor  problem h a s  been encountered. Evaporation of A1203 requi res  operating 
the electron gun at a ra ther  high input power. 
caused severe  heating of the gun assembly  itself. 
ma te r i a l  to  be outgassed f r o m  the lower p a r t  of the gun. 
rial, i n  turn,  deposited as a brown film on the lower part of the samples.  
While the quoted deposition r a t e s  of A1203 a re  - 1/5 those of 
In the limited number of runs that have been made, good 
Adherent films up to  2 mils thick have been deposited. 
With "properly" cleaned subs t ra tes ,  2 mil A1203 films can be 
One 
In some  of the e a r l i e r  runs th i s  
This  heating caused a volatile 
The volatilized mate- 
This  
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problem has  been cured by cleaning and shielding the lower p a r t  of the gun. In 
general ,  A1203 evaporation is eas ie r  than S i02  evaporation although higher gun 
power is required. Molten A1203 flows, in distinction to molten Si02,  and 
hence is best  evaporated with a finely focused beam. 
continued. 
The A1203 work will be 
2. 1. 3 Reactive Sputtering 
No good, thick reactively sputtered films of S i02  have yet been 
made. 
cause of this problem is thought to  be known. 
x / h r  have been observed. 
been spent on reactive sputtering of CeOZ. 
The problem remains that of physical and optical inhomogeneity. The 
As noted in Section 2. 1. 1, a considerable t ime has 
S i02  deposition r a t e s  to 25  x l o 3  
Continuing the description of the variations in the reactive sputter-  
ing apparatus  f r o m  the las t  variation of NAS5-10236 Second Quarter ly  Report, 
the seventh variation consisted of shielding the O-ring that sealed the cathode 
to the pyrex pipe. This arrangement  is  shown in  Figure 6. Except for  the 
change in  cathode mounting, the system was unchanged. While this variation 
somewhat decreased the optical density of the dark deposits, it did not eliminate 
them. 
cathode support  interface could not be prevented and hence that the interface 
must  be eliminated. 
By this point it had become obvious that deleterious action at the cathode- 
This was accomplished by employing an internal  guarded-cathode 
This eighth variation is shown in Figure 7. assembly. The cathode was not 
cooled. 
destruction a f te r  the second run. The first run, while l e s s  than 1 mil thick, 
was the bes t  thick reactively sputtered Si02 that had been made. 
run was - 1. 5 mils thick and was slightly infer ior  to the first. This was,  at 
that t ime,  thought to be due to the multiple c racks  in  the si l icon cathode. The 
film deficiency was again physical and optical inhomogeneity. In these cases ,  
however, the second phase inclusions were both smaller  and l e s s  num-erous than 
in previous arrangements .  Thus, while removal  of the cathode- cathode support 
interface f r o m  the active sputtering a rea  greatly reduces the amount of second 
phase mater ia l ,  it does not eliminate it. 
ma te r i a l  mus t  then be due to  other causes. 
This  caused multiple cathode cracking af ter  the first run and total  
The second 
The remainder of the second phase 
Based on the work of Janus and Shrin,(2) the cent ra l  problem would 
appear  to  be back scattering of sputtered Si02 onto the silicon cathode. 
study of Si3N4 deposition by reactive sputtering, dark deposits were  observed 
on the si l icon cathode. 
of Si3N4 on the cathode was attr ibuted to back scattering of sputtered Si that had 
reacted t o  Si3N4. This model would readily explain the observed physical char -  
ac t e r i s t i c s  of reactively sputtered SiOz. 
In their  
Analysis revealed that they were  Si3N4. The presence 
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When thin Si02 films a r e  sputtered, the quantity of Si02 back sca t -  
t e r e d  onto the cathode is very  small. 
probably do not in te r fe re  with sputtering. As the Si02 builds up, however,  it 
is expected that the cathode would become patchy. At some point breakdown 
occurs  through the S i02  dielectr ic  islands.  
macroscopic  par t ic les  of the back sca t te red  SiO2, that could then float t o  the 
subs t ra te  and be covered o r  because of the energy density in  the discharge,  
produce devitrification of the S i02  is lands along with detachment. 
to  this problem is reduction of the p r e s s u r e  to  reduce back scattering. 
tunately, operation at reduced p r e s s u r e  reduces the sputtering rate.  
ter ing and simultaneous dc and R F  sputtering give high r a t e s  at lower gas  p r e s -  
su res .  
Small  amounts of S i02  on the cathode 
This  could ei ther  direct ly  dislodge 
The solution 
Unfor- 
R F  sput- 
Both processes  a r e  being considered. 
2. 2 Cell Testing 
2. 2. 1 Vacuum Environment 
Another 100°C vacuum-UV t e s t  was run f o r  500 hours  in a new modi- 
fication of the t e s t  chamber.  In this vers ion,  the U V  light is mounted outside of 
the chamber  and i l luminates the cel ls  through a 6 inch d iameter  x 0. 5 inch thick 
Dynasil fused sil ica window. The window has  9Ot 70 t ransmiss ion  to  2800 A and 
fal ls  to  5070 t ransmiss ion  at - 2100 A. The cel l  support  plate was reposit ioned 
in  the chamber  to  give the required light intensity. 
inside of the chamber remained clean. This  confirms the supposition that  the 
dark  films on the chamber walls, observed i n  previous t e s t s ,  were  due to  mate-  
rial evaporated f rom the ends of the lamp. 
0 
In this configuration, the 
Of the three coversl ip  cel ls  in  the tes t ,  one (56-32) was accidentally 
broken when it  was being removed f r o m  the chamber  a t  the conclusion of the 
tes t .  The data is summar ized  in  Table 1. 
2 . 2 . 2  Coverslip Results 
The pertinent e lec t r ica l  charac te r i s t ics  of two cel ls  with 5 mil s l ips  
a r e  l is ted i n  Table 2. The degradation of ce l l  623A-54A is anomalously large.  
The tungsten I - V  charac te r i s t ics  of these cel ls ,  before and af te r  coverslipping 
a r e  shown i n  Figures  8 through 11. 
can be cover  slipped with negligible e lec t r ica l  degradation. 
however, that  there  should be an absolute efficiency gain in  coverslipping. 
date,  this  has  been very  infrequently observed. Moreover ,  in  the few instances 
when a n  efficiency gain was observed, its occurrence  could not be cor re la ted  
with processing steps.  Thus there  appea r s  to  be r e a l  ce l l  degradation during 
coverslipping that, in  most  ca ses ,  is  par t ia l ly  masked by the gain due to  the 
presence  of the coverslip. Cell  degradation could most  logically be due to  
The data on ce l l  A61-2B indicates that  ce l l s  
Theory indicates,  
To 
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ei ther  blue absorption in the s l ip  o r  surface damage f r o m  the sputtering. The 
silicon s t r e s s ,  due to bending, should not increase  junction leakage. Spectro- 
photometer measurements  on thinner s l ips ,  deposited on Si02, indicate there  
i s  no significant blue-end absorption. 
through annealing studies. 
Surface damage is being investigated 
2 9  
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3. FUTURE P L A N S  
During the next quarter ,  work on all deposition techniques will be 
The electron irradiation tes t  is tentatively scheduled for  the end of continued. 
this period. 
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